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METHODS AND APPARATUS FOR BATTERY MONITORING, 
CHARACTERISATION AND RESERVE TIME ESTIMATION 

The present invention relates to methods and apparatus for battery monitoring 
s and characterisation 

Discharge reserve time can be defined as the amount of time a battery (such as a 
Valve Regulated Lead Acid, VRU^ battery) can supply power to a load. 
Alternatively, it can be defined as the length of time the battery takes to be 

10 discharged (where the stored energy is removed) until its tenninal voltage 

reaches a predefined end voltage. This end voltage Is defined by the operator 
and is ultimately detemnined by the equipment (load) that the battery is connected 
to (discharged into). Both scaled and absolute reserve time can be estimated. 
Scaled resen/e time is a dimensionless quantity between 1 and zero, which is 

15 proportional to the reserve time. In this case a scaled reserve time of one 
conflates to full charge remaining or maximum reserve time, while a scaled 
resen/e time of zero correlates to no charge remaining or no reserve time. 
Absolute reserve time is the discharge reservis time in time units. 

20 A conventional system Is described in US-B-641 1911. Here nonriallsed time and 
voltage values are calculated and used to discharge a battery down to a 
predetermined percentage discharge value. The normalised voltage values are 
calculated by nomialising absolute voltage readings with respect to a peak 
voltage or foothill voltage. A battery reserve time is estimated once at the end of 

25 the process. This reserve time equals the discharge time multiplied by the ratio 
of 1 00 divided by the percent discharge desired. 

A first aspect of the invention provides a method of battery monitoring including 
the steps of: 

30 a) acquiring a battery voltage measurement from the battery; 

b) acquiring a time measurement associated with the battery voltage 
measurement acquired in step a); 
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c) determining a scaled voltage value by scaling the battery voltage 
measurement made in step a) with respect to a predetemiined end 
voltage; 

d) detennlning a scaled time value from the scaled voltage value 
5 detennined in step c) In accordance with a predetermined battery 

characteristic; and 

e) obtaining a reserve time from the scaled time value determined in 
step d), the reserve time being indicative of the difference between the 
time measurement acquired in step b) and an end time associated 

10 with the predetermined end voltage. 

The first aspect of the invention provides a more useful indicator than the reserve 
time value given In US-B-641 191 1 . That is, the reserve time according to the first 
aspect of the invention is indicative of the difference between the time 
15 measurement acquired in step b) and an end time associated with the 
predetennlned end voltage. 

A second aspect of the invention provides a method of battery monitoring 

Including the steps of: 
20 a) acquiring a battery voltage measurement from the battery; 

b) acquiring a time measurement associated with the battery voltage 
measurement acquired in step a); 

c) detemiining a scaled voltage value by scaling the battery voltage 
measurement made in step a) with respect to a start voltage and a 

25 predetermined end voltage; 

d) detemiining a scaled time value from the scaled voltage value 
determined in step c) in accordance with a predetemiined battery 
discharge characteristic; and 

e) obtaining an absolute time value from the scaled time value 
30 determined in step d). 

The second aspect of the invention utilizes the discovery that improved accuracy 
can result from scaling the voltage measurements both with respect to a start 
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voltage and an end voltage. In contrast. US-B-641 191 1 only nonnalises with 
respect to a start voltage. 

The absolute time value may be a total battery reserve time (as disclosed in US- 
5 B-641 1 91 1 ) indicative of the time difference between a start time (for instance the 
time of the first voltage measurement) and an end time associated with the 
predetennined end voltage. However preferably the absolute time value is 
indicative of the time difference between the time measurement acquired in step 
b) and an end time associated with the predetennined end voltage. 

10 

Steps a)-e) may be perfonned once only, but typically one or more additional 
repeats of steps a)-e) are perfonned during a single battery discharge. 

In a preferred embodiment, step e) includes the steps of: e)i) detennining the 
15 difference between a lower time measurement and an upper time measurement; 
e)ii) detennining the difference between a pair of scaled time values associated 
with the lower and upper time measurements; and e)iii) determining the ratio of 
the differences detemnined in steps e)i) and e)il). 

20 The lower and upper time measurements may change for each repeat of step e) 
- for Instance they may be associated with a pair of adjacent repeats. 

Alternatively the lower time measurement may be the same for each repeat of 
step e), and the upper time measurement changes for each repeat of step e). 

25 

Typically the battery voltage measurements include a measured start voltage 
(such as a plateau voltage) and the scaled voltage value is determined in step c) 
by scaling the battery voltage measurement with respect to the measured start 
voltage and the predetermined end voltage. 

30 

The predetennined end voltage may be stored previously, or may be received 
from a user by means of a user input device such as a Iceyboard or mouse. This 
enables the end voltage to be specified by a user. In this case, the battery 
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discharge characteristic may be re-scaled in accordance with the user input end 
voltage. 

A third aspect of the invention provides a method of characterising a battery 
5 including: 

a) acquiring a plurality of battery voltage measurements from the 
battery, the battery voltage measurements including a start voltage 
and an end voltage; 

b) acquiring a plurality of time measurements, each time 

10 measurement being associated with a respective battery voltage 

measurement, the time measurements including an end time 
associated with the end voltage; 

c) detennining a plurality of scaled voltage values by scaling each 
battery voltage measurement with respect to the start voltage and the 

15 end voltage; 

d) detenmining a plurality of scaled time values by scaling each time 
measurement with respect to the end time; and 

e) storing a battery discharge characteristic indicative of the 
relationship between the scaled voltage values and the scaled time 

20 values. 

The stored battery discharge characteristic can then be used in step e) of the 
battery monitoring method described above. 

25 The battery discharge characteristic provides robustness against possible 
variations in battery type, battery operating conditions (discharge rate, 
temperature) or battery conditions (battery type and reasonable variation in 
battery state of health). 

30 The method typically requires voltage and time measurements from one full 
discharge of a given battery with a given condition and at a given operating 
condition. This is then employed to derive the battery discharge characteristic 
representing the relationship between the scaled voltage values and scaled time 
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values. The relationship can then be used as the key computational component 
for any battery size, type or conditions. 

A system configured to Implement the method typically Includes a sensor for 
5 acquiring the battery voltage measurements; a timer for generating the time 
measurements; and a processor for performing steps c) to e). The result of step 
e) can then be stored and/or output to a device such as a printer or display unit. 

An embodiment of the invention will now be described with reference to the 
10 accompanying drawings, In which: 

Figure 1 1s a schematic diagram showing a battery resen/e time estimation 
system; 

Figure 2 is a flowchart showing the fonnulation of a scaled characteristic; 
15 Figures 3a)-3f) are graphs illustrating the robustness of the scaling process 

for different operating conditions; 

Figures 4a)-4b) are graphs illustrating the scaling process for two different 
end voltages, 1 .9 and 1 .65V/cell respectively; 

Figures 5a)-5b) are graphs illustrating the scaling process for different 

20 battery types; and 

Figures 6a)-ef) are graphs illustrating the scaling process for different 

battery conditions. 

Figure 7 is a flowchart showing the calculation of reserve time during a 

dlschai^e; 

25 Figure 8 Is a flowchart showing the re-scaling of the scaled discharge 

characteristic for an application end voltage; and 

Rgure 9 Is a graph of scaled reserve time against time. 

Referring to Figure 1 , a system 1 for estimating the reserve time of a battery 2 
30 includes a sensor 3 for acquiring voltage readings from the battery 2. The battery 
2 could be a single cell, a group of cells or mono-blocs, a string of cells or a 
multiple string battery. The sensor 3 samples closed circuit battery voltage at 
regular intervals that are significant compared to the discharge duration. Sensing 
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accuracy and resolution should be sufficient to the degree of relevance of 
application. 

The system 1 incorporates three alternative processors vwhlch can receive and 
process the voltage readings. These processors can be nin together or 
individually. Specifically, micro-controller 4. local personal computer (PC) 5 or 
remote PC 6 can receive data via fixed links 7, 8 or wireless link 9. The links 7-9 
could either be based on standard or proprietary protocols. The fixed links 7, 8 
could be serial or parallel. 

The processors each contain respective memories 10-12 which contain reserve 
time algorithm software for perfonning the processing steps described below. The 
software written could be embedded within the micro-controller 4 or PC 5. 6. or 
could be provided as a software package (like a spreadsheet). 

The PCs 5. 6 each have respective displays (not shown) for displaying reserve 
time Information; and the micro-controller 4 is connected to a display unit 13. 

In a first process shown in steps 20-23 Figure 2, a scaled discharge characteristic 
20 Is formulated. This fonnulation process may be performed by a customer, or in 
the factory prior to supplying the algorithm to the customer in the form of 
computer software, which may be provided on a disk or other storage medium, or 
may be transmitted to the customer by email. In the example given below, micro- 
controller 4 is used. In a characterisation discharge test 20, an ensemble of 
25 discharge voltage readings VfO are acquired from a VRLA battery during a single 
deep discharge to a predetennlned system end voltage Vena- The discharge 
voltage readings VfO are time stamped with time t by micro-controller 4 (which 
contains a timer, not shown) and stored in memory 10. The time stamp 
associated with the end voltage Vend is designated as ty. 



15 



30 



This ensemble of discharge readings (V.O is then processed by micro-controller 4 
to fomiulate a scaled voltage time relationship (referred to herein as a scaled 
discharge characteristic) as expressed by equation 1 below. This could be a 
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semi-empirical representation supported by a lookup table, it could also be a fully 
analytical expression. 

* -fcv ^ equation 1 

The approach requires scaling of both voltage and time values based on the data 
gathered from the characterisation discharge test above. • 

In step 21 , the time readings f are scaled to the maximum discharge time fr. This 
10 is expressed by equation 2 

t^if)-tlt, equation 2 



15 



20 



where : fscatedfO 's scaled discharge time at time t; 

f is discharge elapse time; and 

ij is total discharge time. 

Zero time (t=0) corresponds with zero scaled time and to the occunrence of a 
start voltage (see equation 3 below). 



The voltage readings yit) are also scaled in step 22 using a start voltage and the 
end voltage Vend. The start voltage may be taken to be a trough voltage, plateau 
voltage Vp or a voltage corresponding to a particular amount of charge being 
released from the battery. As the plateau voltage Vp Is the highest voltage 
25 encountered during the discharge using it will place an upper bound of unity on 
the scaled voltage. For the remainder of this description the start voltage is 
assumed to be the plateau voltage Vp. 

The end voltage Ve«* employed is that at which the discharge is terminated. To 
30 provide the widest application coverage this end voltage Vwid is chosen to be very 
low - lower than any end voltage that is likely to be encountered within the 
application of interest. The voftage scaling process is expressed by equation 3 
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equation 3 



where: VWaUt) is the scaled discharge voltage at time t; 
V(t) is the discharge voltage at time t; 

5 Vend "s th® system end voltage; and 

is the discharge plateau (start) voltage. 

Thus for each scaled voltage V^t) at time f. there exists a con-esponding 
scaled time Ucated(t) at time t Hence, in step 23 the scaled discharge 
10 characteristic expressed by equation 1 is fbmiulated and stored in memory 10 as 
a lookup table, analytical expression etc. 

To illustrate the unifomiity of the scaling process against variations in operating 
and battery conditions, a number of cases studies are presented in figures 3-5. 

15 

Rgures 3a)-3f) show the discharge voltage versus time characteristics of an 
Oldham 2HI275 cell and the connesponding scaled discharge characteristics 
VscaM(t). Uoaied(t) usIng equations 2 and 3 for equivalent constant current, power 
and resistance discharges; a) and b) respectively, for discharges at various rates; 
20 c) and d) respectively, and for discharges at various ambient temperatures; e) 
and f) respectively. 

Figures 4a) and 4b) show the scaled discharge characteristics of the discharges 
of figure 3 c) using a) 1.9V and b) 1 .65 as the end voltage. 

25 

Figures 5a) and 5b) show the a) discharge voltage versus time and b) scaled 
discharge characteristics of different battery types. 

Figures 6a)-ef) show the discharge voltage versus time characteristics and the 
30 corresponding scaled discharge characteristics for field aged cells; a) and b) 
respectively, thermally accelerated aged cells; c) and d) respectively, and water 
replenished thermally accelerated aged cells; e) and f) respectively. 
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It can be appreciated from figures 3-6 that the scaled discharge characteristics 
are substantially uniforrr> across different operating conditions (figure 3), battery 
types (figure 5) and battery types (figure 6). 

5 Once a scaled discharge characteristic has been obtained, it can then be used to 



In step 30, the discharge starts and the algorithm running on micro-controller 4 
10 (or PCs 5,6) searches for the plateau voltage Vpin step 31 . When the voltage Vp 
is reached in step 32, the plateau voltage is stored in step 33. In step 34, a 
scaled voltage Vsoai9d(t) is calculated using equation 3 above with an application 
end voltage Vend* which has been previously input by the user in step 15. In the 
first iteration of step 34, the scaled voltage will have a value of unity. 

15 

Before employing the scaled discharge characteristic, it must be scaled in 
accordance with the end voltage Vemr-. As mentioned above, the scaled 
discharge characteristic of equation 1 was generated utilising a very low end 
voltage V^d- Thus, zero scaled time will correspond to this end voltage Vemi^nd 
20 not the application end voltage Vend*. However, the scaled discharge 

characteristic contains the necessary infonnation to allow it to be re-scaled to the 
application end voltage Ve«r. This re-scaling process is described by equations 
4, 5 and 6 below. 



monitor the reserve times of different batteries using the process shown in figures 



7 and 8. 



25 



V 



scaled entt 



equation 4 




equation 5 




equation 6 



30 



wliere: 




is the new end voltage; 

is tiie scaled application end voltage; 
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tsoaMend- IS the scaled time corresponding to the application end 
voltage; 

Vseakxrit) is the re-scaled voltage employing the application end 
voltage; and 

5 Uoeied'(t) 's the re-scalod time employing the application end 

voltage. 

. In step 15 the application end voltage V«„j. is input by an operator. In step 16 the 
algorithm of Figure 8 is performed. Thus, the application end voltage, Ven<r. is 

10 input into the original scaled discharge characteristic {VsoaM. t^ied) to detemiine 
the corresponding scaled new end voltage. V«»/wen<r (equation 4, step 50). This 
can then be used to detemiine ttie corresponding scaled time, fscateden<r (step 51). 
The re-scaled voltage. V^(t), is then determined using equation 5 (step 52). 
Jhe re-scaled time, UjwfO. is then detenmined using equation 6 (step 53). This 

15 process is then repeated for each value of V^t) and stored as a re-scaled 
discharge characteristic. 

Note: it is essential that V«Kr < Ven^. This is why it is necessary to obtain tiie 
original scaled discharge characteristic utilising as low an end voltage as 
20 possible/necessary. Note also that steps 15 and 16 are only performed once for a 
given end voltage, and do not need to be repeated for each iteration of Figure 7. 

In step 36 the scaled voltage VscatedfO "s input into the previously stored re-scaled 
discharge characteristic to determine the re-scaled time tscaie<r(t). The scaled 
25 reserve time t„ is then calculated from ttie re-scaled time in step 36 as described 
by equation 7 below 

^.(0 =1-^^(0 

30 An estimate of the absolute reserve time, tr, can tiien be obtained from the scaled 
reserve time estimation in step 37 using equation 8 below 
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•(^2-0 



equation 8 



('^('l)-^„r('2)) 



\where: Uti) and UfaJare the estimated scaled reserve times corresponding 
to discharge elapse times from the occunrence of the plateau voltage 



Note that step 37 Is omitted In the first iteration (at which point only a single 
voltage reading has been acquired). 

10 The duration between U and fa must be long enough for the discharge voltage to 
change sufficiently, i.e. the discharge voltage samples (and thus the fractional 
reserve time estimations) must be monotonically decreasing. 

The derivation of equation 8 will now be explained with reference to Figure 9; We 
15 assume that the scaled reserve time t„r and time t are related by a linear function 
= 1 - kf, where k is the gradient of the line shown in figure 9. This gradient k 
can be derived from two subsequent readings as: 



20 We are specifically Interested In the change in estimated scaled resen/e time 
between the present discharge elapse time (f^) and the discharge elapse time 
corresponding to the end of the discharge (*,). 

Put another way we wish to find a time, f/fz) that Is the difference between the 
25 present discharge elapse time (fe) and the time coinciding with the end of the 
discharge (te). 

This change in discharge elapse time will coincide with a change in scaled 
resen/e time from the present value, t„,(t^ to the scaled reserve time that 
30 coincides with the end of the discharge. We know that at the end of the 
discharge the scaled reserve time equals zero. 



5 



of ti and t2 respectively 



equation 9 
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Putting all of this together we have the derivation of equation 8 detailed by 
equation 10 below 



equation 10 



Returning now to figure 7. In step 38 the calculated reserve time f^is stored in 
memory and/or displayed. This could either be displayed as a linguistic fuzzy 
10 value, a bar graph, indicative LED or precise numerical fonn. Each of these could 
either be on an LCD or VDU display. LED displays may also be used to indicate 
threshold crossing. 

The processor then determines In step 39 whether the last voltage reading is 
15 equal to Vemr- If so. the algorithm ends at 40. 

The method typically does not require battery current to be measured. 

Although using a battery discharge characteristic that has been derived from one 
20 battery type, of a given size, at a given condition has proven to be useful in 

representing other types, sizes and conditions, customising the characteristic (to 
the specific battery type and condition) can provide further precision in 
estimating reserve time. 

25 While the present invention has been illustrated by the description of the 

embodiments thereof, and while the embodiments have been described in detail, 
it is not the intention of the Applicant to restrict or in any way limit the scope of the 
appended claims to such detail. Additional advantages and modifications will 
readily appear to those skilled in the art.. Therefore, the invention in its broader 

30 aspects is not limited to tiie specific details, representative apparatus and 
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method. Illustrative examples shown and described. Accordingly, departures 
may be made from such details without departure from the spirit or scope of the 
Applicant's general Inventive concept. 



